This paper presents an approach to Ecodesign based on the management of environmental business risks, which are defined as 'stakeholder responses to environmental impacts with the potential to cause harm to business objectives'. Case studies are used to demonstrate the approach, with a particular focus on the management of critical materials. The paper concludes that by using risk, environmental considerations can be integrated into design decisions at Rolls-Royce, although the method contains significant uncertainties. In particular, the paper highlights the complexity of both assessing the supply risk of a material and how this could translate into an impact on the business. The paper also discusses how the risk model could be expanded to address other environmental business hazards.
INTRODUCTION
Rolls-Royce provides power systems and services for use in the air, on land and at sea, focusing on four main markets: civil aerospace, defence aerospace, energy and marine. Predominantly, although not exclusively, RollsRoyce's products are based on the gas turbine engine. The nature of Rolls-Royce's products present several unique barriers to the implementation of ecodesign approaches:
1. Environmental impacts from the 'in-use' phase dominate over the product life cycle. Understandably this is the focus for addressing environmental impacts, although this also means that environmental impacts from other phases of the life cycle can be overlooked. 2. Rolls-Royce's products are designed to have an operational life of up to 50 years. Environmental problems can change significantly in this time and it is difficult to foresee what the next problem might be. 3. Rolls-Royce's products are technically mature.
There is very little design freedom to make nonuse phase environmental improvements. 4. Due to the safety critical nature of Rolls-Royce's products, the company uses rigorous design systems to verify product designs against well defined requirements. At the present time, nonuse phase environmental impacts are not comparable within the traditional design space, which means they are largely ignored.
Risk management is used within the Rolls-Royce design system to identify hazards that can impact on design and other business objectives. By translating environmental impacts into an assessment of business risk, barriers to ecodesign can be overcome and non use-phase environmental impacts considered within the design process. This paper presents two case studies that test an approach to ecodesign based on the management of environmental risks. The case studies focus on the use of critical materials, which is linked to the abiotic resource depletion environmental impact category. As risk is a broad term, the paper first defines what is meant by 'environmental business risk'. Materials criticality is then introduced as a significant risk, using an approach developed by the European Commission to highlight materials that are of concern. Based on knowledge of where these materials are used in RollsRoyce's products, case study risk assessments are then presented, which show how the risks posed by materials criticality can be incorporated into standard design decisions. The paper discusses the practicalities of the risk based approach, in light of significant uncertainties that will be inherent in any system that seeks to look into the future. The paper also discusses how the risk model could be expanded to address other environmental business hazards.
ENVIRONMENTAL RISK MANAGEMENT
Environmental risk management adopts a business risk perspective, concerned with identifying hazards that can impact on business objectives [1] . It is based on the observation of a cause-effect cycle between the environmental impacts of a business' operations and products and stakeholder responses to these impacts (whether they are actual, potential or perceived) which seek to reduce them and can impact on business objectives [2] . The stakeholder responses to environmental impacts, with the potential to cause harm to business objectives, are defined as 'environmental business hazards'.
The environmental business risk is a product of the likelihood of a hazard occurring and the impact it would have on business objectives if it did. There are many sources of environmental business hazard, regulation being a primary example. Business risk is assessed against objectives, which are generally based upon the provision of products and services and the revenue this provides. It follows that, to assess the risk posed by environmental business hazards, it is necessary to understand how hazards impact on the ability of the business to make and sell products. Risk can be assessed by connecting some feature of the hazard with a feature of the product. Appropriate mitigating actions can then be implemented.
CRITICAL MATERIALS: A SIGNIFICANT
ENVIRONMENTAL BUSINESS HAZARD A significant environmental business hazard that has been the subject of recent attention is 'critical materials'. The phenomenon is concerned with constraints being placed on the accessibility of material commodities as a result of geological, political and economic factors. Whilst it is not purely an environmental problem, the depletion of abiotic resources is a common impact category within life cycle impact assessment [3] , and it falls within the definition of an environmental business hazard. There are two "dimensions" of materials criticality [4]:
1. Supply risk: identifying and applying factors that can be used to assess the risks to the supply of a material. 2. Economic importance: an assessment of how important the use of a material is in meeting economic goals, which can be also be assessed at a business level e.g. restrictions in the availability of materials can also restrict the ability of a business to make a product. A material is referred to as critical when it has a high supply risk and is of high economic importance. The two dimensions of materials criticality need to be applied to understand the business risks posed. These can be achieved through the:
1. Identification and application of a method for assessing supply risk, which identifies materials of concern. 2. Connecting these materials with uses in products to evaluate the risk posed to business objectives. . Due to the use of a transparent methodology with available data, this paper focuses on an approach developed by the European Commission (EC) [7] . The EC method applies four metrics to assess supply risk: 1. Monopoly supply: materials that come from few sources are assumed to be higher risk. 2. Governance indicators: materials that are sourced from politically unstable regions are assumed to be higher risk. Governance indicators are merged with the monopoly supply index to highlight where a material's supply is dominated by unstable producing countries. 3. Recycling rate: based on the assumption that the availability of recycled sources lowers risk. 4. Substitutability: materials that are substitutable are likely to be more flexible to changes in demand, reducing risk. Monopoly supply is measured using the HerfindahlHirschmann Index (HHI), which is the sum of the squares of the supply percentages (S) of producing countries (c) for a given material (i), as shown in Eqn. 1:
The equation produces a figure between 0 and 10000, a higher number signifying higher risk. World Governance Indicators (WGI) produced by the World Bank were merged with the HHI to highlight where supply was dominated by an unstable producing region. The WGI scored countries according to 6 categories (including political stability, control of corruption and rule of law), producing a result between 0 and 10. These scores were merged with the HHI as shown in Eqn. 2: The result produces a score of 0 to 100000, which was scaled to a value of between 0 and 10. The recycling rate used for a material i (ρ i ) applied the ratio of current demand met by old scrap. Data on recycling rate is given in the EC report [7] . Substitutability (σ i ) for a material i was measured using an index developed through expert judgements (Table 1) . 
